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     An elevated acute to chronic workload ratio increases risk of injury, but it is unclear why. 
The purpose of this study was to address the effects of fatigue and workload ratios on range 
of motion and neuromuscular profile in the lower extremities of female athletes. We 
hypothesized there would be a difference in lower extremity range of motion and 
biomechanics in athletes with an elevated acute to chronic workload ratio.  
     46 participants were monitored throughout their season and tested when their workload 
ratio reached 1.4 or greater. Athletes who experienced an elevated workload ratio had greater 
knee valgus displacement during jump landing tasks compared to a matched control 
(p<0.05). This greater knee valgus could mediate between an elevated workload and 
increased risk of injury. Our study's result indicates that workload ratios could be utilized to 
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     There are a multitude of health benefits associated with an active lifestyle and while 
there will always be a place for sports within society, there are costs accompanying 
participation in sports.1 One such cost is musculoskeletal injury of the lower extremity. 
Injury rates for the lower extremity are particularly high among soccer athletes, with 64% 
of all ball sport injuries occurring in the lower extremity.2,3 This resultant economic 
burden ranges from 1.98 million dollars to 2.86 billion dollars a year.2,3 These injuries do 
not just come with a monetary cost; athletes who have suffered one lower extremity 
injury are also at an increased risk for sustaining more injuries compared to their healthy 
counterparts, as well as developing osteoarthritis within their joints.4,5 Coaches, athletes, 
and health care professionals have tried to balance pushing athletes to be at peak physical 
condition while not overtraining to the point that they sustain an injury. However, it has 
been difficult to decipher at what volume of training injury occurs.  
     Recently, a great deal of research has been focused on monitoring training load 
volume to maximize performance gains while minimizing injury risk. Research has 
looked at both internal training load and external training load metrics affecting athletes 
to determine injury risk. External training load, the objective physical work of an 
individual, has been used for prescribing workouts.6,7 It involves the load completed by 
the athlete and is independent of the athlete’s internal characteristics.8 External training 
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load can be anything from accelerations or decelerations to speed and distance run.9,10 
Internal training load represents the relative physiological and psychological stress 
imposed and provides insight into how an individual is adapting to external training 
loads.8 However, neither external training load nor internal training load are decidedly 
indicative of injury risk in athletes.8 A combination of those variables can be helpful in 
assessing fatigue of an athlete, which is frequently hypothesized to be another key 
characteristic in injury risk.8  
     One way that researchers have attempted to span this relationship between internal 
and external training load in order to more clearly determine fatigue effects has been 
through the acute to chronic workload ratio (ACWR). This ratio compares the workload 
of one week to the workload an athlete was put through in the past three weeks to four 
weeks and has been proposed as a more accurate assessment of injury risk than looking at 
acute or chronic workload separately.11 These research studies have placed ranges of 
ACWR measurements into the following categories for injury risk: low (<0.43), 
moderate-low (0.44-0.87), moderate-high (0.88-1.31), high (1.32-1.75), and very high 
(>1.75).12 Research shows that athletes with higher ACWR values tend to be at an 
increased risk for sustaining an injury, especially if an athlete has a “spike” in their 
ACWR, generally identified at or above 1.5.6,11–14   
     We are not aware of any research examining the impact of ACWR on female athletes, 
as all prior research investigating ACWR and injury up to this point has been in the male 
athlete population. However, studies have reported that women demonstrate different 
responses to fatigue compared to men, with the magnitude of the difference depending on 
the task performed.15 In addition, female athletes having an overall higher rate of overuse 
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injuries than male athletes, with women’s soccer and field hockey named as two of the 
four top contenders in this area.16 70-80% of injuries in women’s soccer and about 60% 
of injuries in women’s field hockey occur in the lower extremity.17,18 Of those lower 
extremity injuries, about 20% affect the anterior cruciate ligament (ACL).19 Females tend 
to be more susceptible to an injury at the ACL compared to their male counterparts.20 
However, it is unclear at this time whether training load might be affecting these 
increases in injury rates. 
     Looking at Division 1 athletics, the National Collegiate Athletic Association (NCAA) 
presents a unique competition load on the athletes that is not typical in professional sport 
settings. While most studies on ACWR have looked at a 7:21 or 7:28 day ratio for 
training load, we felt a 3:7 day ratio would capture a more accurate picture of mid-season 
load management of Division 1 soccer and field hockey athletes.11,12,21 Collegiate athletes 
often do not have the time to train heavily during the week when they are in-season, due 
to academic course loads. Thus, competitions become the primary mechanism for 
increasing the training load of an athlete. However, these sports often experience match 
congestion, where teams will compete in two matches over a two- or three-day span, 
which greatly increases risk of injury, since competitions have a higher injury rate than 
practices in both collegiate women’s soccer and field hockey.17,22 We wanted to see how 
an individual’s neuromuscular profile might change when their perceived training load 
was elevated to 1.4 or higher, indicating that the athlete perceived the load they 
experienced during the three days in which they played games was at least 40% higher 
than what they experienced the prior week.   
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     Higher ACWR scores can lead to fatigue in an athlete.14,23 Multiple studies indicate 
that increased fatigue leads to decreased hip and ankle range of motion, increased tibial 
internal rotation and knee flexion, and overall poorer movement quality.24–26 These 
poorer neuromuscular profiles in turn are correlated with an increased risk in lower 
extremity injury, particularly at the ankle and knee.24–26  
     Altered neuromuscular characteristics due to fatigue may be a mediating factor 
between the previously described relationship the ACWR and injury risk. A moderate-
high ACWR has demonstrated a protective effect against injury due to lower fatigue 
levels, even in athletes with poorer neuromuscular profiles, whereas low to moderate-low 
and high to very high ACWRs were associated with increased risk of injury in 
athletes.11,14,27,28 Neuromuscular profiles played a role in determining if an athlete had a 
higher risk of injury with a moderate ACWR.14,27 Better range of motion and strength 
profiles had a modifying effect on injury risk if an athlete’s ACWR was in the moderate 
range.14 Athletes with greater strength profiles were also able to tolerate greater changes 
to their weekly ACWR without increasing injury risk compared to their counterparts with 
poorer strength profiles.27 
     While research has looked at all of these factors to predict injury risk in athletes, there 
are several gaps in the literature. Much of the research on training load and injury 
prediction has looked at professional or elite male athletes or youth athletes, leaving a 
deficiency of evidence on female athletes. While research on training load has looked at 
injury risk, it has been primarily focused on injury as an outcome variable instead of 
investigating the more clinically meaningful changes that could warn of impending 
injury. Studies have looked at the physical changes caused by fatigue, but no study has 
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integrated fatigue and workload ratios to see how these may play a role in affecting the 
body physically. Finally, there are gaps in the research regarding how internal and 
external workload variables affect physical changes in the body and how that may 
increase injury risk.  
     Therefore, the purpose of this thesis is to address the effects of fatigue, internal and 
external workload measures, and the ACWR on range of motion and neuromuscular 
profile in the lower extremities of collegiate female athletes. Specifically, it will compare 
range of motion of the hip and ankle and biomechanics of the lower extremity during the 
stance phase of a jump landing task in athletes experiencing a spike in ACWR to healthy 
matched controls in order to determine whether there are physical changes in the 
neuromuscular profile associated with these spikes.  
Specific Aims and Hypotheses 
Specific Aim 1: Is there a difference in the neuromuscular profile in Division 1 collegiate 
female athletes following a spike in acute to chronic training load compared to a matched 
control not experiencing a spike?  
     1.1: Is there a difference in active range of motion (AROM) or passive range of 
motion (PROM) of the ankle and hip of those athletes experiencing a spike in their 
ACWR compared to their matched control at the same point in the season? 
     1.2: Is there a difference lower extremity biomechanics (knee flexion, knee valgus, 
and vertical ground reaction force (VGRF) magnitude and timing) during a jump-landing 
task of those athletes experiencing a spike in their ACWR compared to the matched 
control at the same point in the season?   
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 Hypothesis: There will be a significant decrease in AROM/PROM at the ankle 
and hip, in knee flexion, and in time to peak VGRF, and a significant increase in knee 
valgus and peak VGRF in those athletes experiencing a spike in ACWR (compared to 
their matched control).   
Clinical Significance 
     Although the literature indicates that spikes in ACWR have led to an increased risk of 
injury, there is no explanation as to why that occurs. If an increase in ACWR is 
associated with a change in neuromuscular profile, it would fill that gap in the literature 
as to why injury risk increases post-ACWR spike. This information could be used in 
creating interventions to decrease the negative effect of neuromuscular changes after a 
spike occurs. In addition, if there is a relationship between spikes in ACWR and fatigue 
and/or soreness, this information could be used to screen for potentially at-risk 
individuals throughout the season and intervene before injury takes place. It would also 
give future studies an outcome variable other than injury that can be utilized easily by 










Injury Epidemiology  
     There is a plethora of injuries that athletes – and in particular, soccer, volleyball, and 
field hockey athletes – attain throughout the course of playing. Roughly 80% of injuries 
in soccer occur in the lower extremity, with the most common injuries occurring at the 
knee, followed by injuries at the hip and groin and then the ankle.29 Almost 60% of all 
field hockey injuries and 55% of volleyball injuries occur in the lower extremity.18,30 Of 
all sports-related injuries, approximately 20% of them affect the anterior cruciate 
ligament (ACL).19 In addition, females tend to be more susceptible to ACL injuries, with 
a four to six fold increase in injury rate compared to their male counterparts.20 In general, 
sprains were found to be the most common lower extremity injury, especially among 
adult soccer players.31 This was followed by strains and tendinitis, with fractures making 
up a small percentage of lower extremity injuries.31 
Training load 
     There are many studies on the effect of training load on athletes and a variety of 
measures that have been used to identify which are the most valid indicators of the loads 
and load tolerance of these athletes. Training load is often described as the difference 
between fitness and fatigue in an athlete’s state of training.32 It is a combination of the 
individuals’ psychological and physiological responses to work (internal load) and the 
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physical work an individual puts their body through (external load), which is why 
training load has both internal and external classifications.6 
Internal training load 
     Internal training load is defined as an individual’s physiologic and perceptual 
responses to the training session.6 This covers everything from heart rate at rest and in 
response to exercise to biochemical markers in the body such as blood lactate, creatine 
kinase, and urea levels to how difficulty and intensity of sessions are perceived.33 
Because of the expanse of information that internal training load covers, it has been 
measured both objectively and subjectively.  
     One way that internal training load has been measured is by objective physiological 
measures such as heart rate (HR) and heart rate variability (HRV).7,33 Athletes with better 
fitness levels have been found to have lower heart rates both during activity and at rest, 
indicating that their heart is more efficient at pumping blood and transporting oxygen.33 
Resting HR is considered valid when determining the fatigue of an individual, which can 
be a helpful indication of internal training load, but is limited in that it does not delineate 
overtraining situations.33  
     In addition, measuring HR recovery can indicate fitness levels as well. Athletes who 
reach their resting heart rates post-exercise faster tend to have better fitness levels.33 
However, these recovery measures are affected by variables such as whether recovery is 
active or passive as well as the nature and intensity of the exercise. While there have been 
correlations found between increases greater than 4% in exercise HR and an increase in 
training load from the previous day, there are so many parameters that can affect HR that 
caution should be exercised in interpreting results based solely on HR.33    
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     Resting HRV indicates parasympathetic activity in the heart and has been used to 
identify global fatigue in an individual, but it is limited in that it is not able to measure 
differing levels of fatigue and is further confounded by individuals’ cognition and 
emotional state.33 The level and intensity of training load on a given day and the playing 
environment can both affect HRV during and after exercise, which presents some 
limitations for using HRV as a metric in studies.33 There are too many confounding 
factors to create a causal relationship between exercise or post-exercise HRV and training 
load.33 
     Another way that internal training load has been measured is through session rate of 
perceived exertion (sRPE) measures using the Borg scale of perceived exertion. 
Generally, sRPE measurements are taken following each training session. Athletes rate 
how intense they found practice on a scale from 1-10, with 1 being very easy and 10 
being maximal effort; this rating can be multiplied by how long the session was to 
calculate internal training load.6 The units for this are typically referred to as “arbitrary 
units” (AU).6 This method was found to be an effective measurement of exercise 
intensity, although it is limited by the subjective nature of the scale reporting.7,9 A study 
by Malone et al. suggested that there was as relationship between internal training loads 
taken each week and the risk of injury experienced by professional soccer players, 
although that risk was more prevalent during pre-season periods rather than in-season 
sessions.34  
External training load 
     External training load is an objective measure of how much physical work or load has 
been put on an individual.6,33 In contrast to internal training load, which looks at a 
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person’s response to the intensity of the session, external training load looks strictly at the 
training session itself: the distance covered, the speed of the running, and accelerations 
and decelerations within the session.9,10 It has been measured with a variety of tools. One 
of the most commonly used instruments that has been used is a global positioning system 
(GPS) that collects data on these variables such as athletes’ distance covered, high speed 
running, average speed, and percentage of high-speed running during the session.9  
     Recent research suggests that GPS data is valid and reliable for measuring distance 
and speed during training sessions, particularly during intermittent exercise at a high-
intensity.10 In fact, high-intensity distance that an individual covers during competition 
has been valid when measuring performance because it can differentiate between the 
intensity and levels at which an athlete performs.35 A study by Thorpe et al. found that 
there was a correlation between the total high-speed distance that individuals ran over a 
period of two to four days and perception of fatigue.36 Another study by Colby et al. 
found that cumulative external loads determined by GPS data the best indicators of 
increasing injury risk throughout a season.37 However, external training load is unlikely 
to completely predict how an individual will respond to that load, due to the many 
aforementioned internal and psychological aspects that affect an individual outside of 
simply the distance or intensity at which they train.35  
Training Load and Injury Risk 
Acute to Chronic Workload 
     Within the realm of sport activity, coaches frequently prescribe training workloads 
based on external factors such as distance or time or accelerations. However, an 
individual’s internal drive or response often determines how that external load will affect 
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them. Some studies found that using a combination of internal and external training load 
measures is able to explain a greater proportion of the variance of how much the training 
load affects an athlete than looking at internal or external measures alone.10,38 Therefore, 
it has been suggested that the best way to predict an individual’s response to training load 
is to incorporate both internal and external training load results.35,38 
     Measuring the acute to chronic workload ratio has been a strong starting point for 
recent research measuring training loads, because it utilizes a combination of internal and 
external training load measures and is able to better predict injury than using internal or 
external measures alone.10 Several studies have set the parameters for different ranges for 
the intensity of acute to chronic workload ratios. Ratios were defined as low (0.67-0.84), 
moderate-low (.85-1.02), moderate (1.02-1.18), moderate-high (1.19-1.35), high (1.36-
1.53), and very high (greater than or equal to 1.54).11  
     Very high acute to chronic workload ratios greater than 1.54 were found to have a 
greater risk of injury compared to those individuals who experienced workload ratios less 
than 1.54.11 In addition, it was found that individuals with low ratios (less than 0.85) due 
to low chronic workloads were also at an increased risk of injury.28 It has been suggested 
that an acute to chronic workload ratio between 1.0 and 1.25 tends to be a protective load 
that decreases the risk of injury in athletes, especially in elite soccer players.34  
Training-Injury Prevention Paradox 
     Despite the logical correlation between high workloads and injury rates, there have 
been some studies that would suggest that high workloads do not always correlate with 
high injury rates. In a study done by Hulin et al., athletes who trained with a lower 
chronic workload had a predicted higher incidence of injury compared to those athletes 
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with higher chronic training loads.11 Several studies have looked at this “Training-Injury 
Prevention Paradox”, which is an occurrence where athletes that are used to high training 
loads have a lower incidence of injuries as compared to athletes that do not train at such a 
high level.6,28,37 This could be due to higher chronic training loads leading to positive 
physical adaptations occurring within that time span, which could help decrease fatigue 
measures and increase resistance to injury.39 This finding correlates with the studies done 
on acute to chronic workload ratios, which indicate that ratios that are too low can 
increase risk of injury just as much as ratios that are too high; hence, the acute to chronic 
workload ratio would be a beneficial tool to utilize when determining the intensity of 
training sessions.28  
Fatigue 
     Nédélec et al. defined fatigue as a decrease in a muscle’s ability to perform secondary 
to muscle activity.40 It can be affected by muscle type, stimulus or contraction types, and 
exercise frequency, intensity, or duration of session.8 Fatigue has been said to cause an 
increase in injury risk when performing athletic activities; specifically, it has been found 
to be associated with an increased risk in for lower extremity injury, particularly for ankle 
sprains, hamstring strains, and other associated injuries at the hip, knee, and ankle.24,26,41  
     Studies have shown that when the muscle fatigues, the hip, knee, and ankle joints tend 
to exhibit more external rotation, especially during running and cutting maneuvers, and 
the knee also exhibits more internal rotation during the stance phase of gait when the 
muscles are fatigued.26 These changes due to muscle fatigue can play an important role 
for increasing injury risk, particularly at the knee joint.26 One study suggested that 
individuals who experienced sub-maximal levels of fatigue did not experience the same 
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amount of dynamic change in the muscle movements as those reaching maximal fatigue, 
indicating that there may be a fatigue threshold that the body must reach before function 
is severely affected.26 Another study found that fatigue could decrease a muscle’s ability 
to absorb loads and increase risk of injury due to a gradual increase in impact loading.42  
     Other studies have looked at how fatigue affects the biomechanical properties of the 
lower extremity. For instance, fatigue from high sprinting loads similar to a soccer game 
was associated with a decreased stride length resulting from decreased hip flexion and 
knee extension angles, indicating a shortening of the hamstrings during the motion.41 
Individuals can also compensate for decreased hamstring range of motion by increasing 
anterior pelvic tilt, which can lead to lengthened hamstrings, potentially increasing risk of 
injury if it becomes overstretched.41  
     Additionally, individuals experiencing a high level of fatigue were found to have an 
increase in hip and knee flexion during an anticipated drop-landing test, indicating a 
potentially protective maneuver against an ACL injury.43 However, another study found 
that during unanticipated cutting maneuvers when fatigue was reached, ground reaction 
force impulses were higher and hip flexion was decreased compared to male athletes with 
equivalent fatigue states, implying that females may be more at risk for injury from 
fatigue due to biomechanical changes.44 Bazuelo-Ruiz et al. found that female athletes 
experiencing fatigue had decreased amounts of dorsiflexion during their running gait 
compared to pre-fatigue measures, which could affect the impact and ground reaction 
forces their lower extremities experience.25    
     Some studies have suggested that perceptions of wellbeing from internal training load 
ratings can indicate how effective an athlete will be during practice or a game.45,46 For 
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instance, athletes with lower wellbeing scores had significant reductions in the amount of 
high-speed distance, maximal velocity, and load that a player undertook during the 
following practice or competition compared to those players who were reporting higher 
levels of wellbeing and less fatigue.45 In addition, studies suggest that decreases in 
perceived well-being over the course of an athletic event are associated closely with 
increases in both muscle soreness and fatigue.46 Because fatigue is so closely associated 
with injury risk factors, there’s a clear need to determine how these factors correlate with 
training load. 
     One way to measure fatigue levels is through the Patient-Reported Outcomes 
Measurement Information System (PROMIS). This system has been shown to 
demonstrate high reliability and validity when assessing functional ability and symptom 
severity of various domains including fatigue, pain, and physical function.47,48 In addition 
to the long form of the test, a shortened, 10-question version of PROMIS has also been 
found valid for specific measurements of physical or mental health, including measures 
in fatigue difference among differing conditions.47,49 PROMIS instruments were also 
found to be valid in both paper administration and computer-based testing, with no 
significant differences between the two methods.49  
     Another method commonly used to determine level of fatigue is through the use of the 
Profile of Mood States (POMS). POMS is a 58-question survey that has been found valid 
and reliable when measuring tension, depression, vigor, anger, confusion, and fatigue.50,51 
A shortened version of this test (EPOMS) was also found to be valid in all measurements 
except for confusion, which can allow for a quick but effective measure of fatigue.51 A 
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version originally designed for adolescents, POMS-A, has also been found to be effective 
in measuring fatigue in athletes.52 
Neuromuscular Profiles of Lower Extremity Injuries 
     There have been a multitude of studies on how neuromuscular profiles contribute to 
knee injury.53–57 Several studies have shown that limited dorsiflexion in the ankle is 
associated with an increased risk of an ACL injury, which indicates that dorsiflexion is an 
important aspect to consider when inquiring about risk of lower extremity injury.53–55 
Individuals with more passive dorsiflexion ROM at the ankle were found to execute a 
jump landing task with greater hip and knee flexion, allowing for a lower ground reaction 
force and a decreased risk of injury.58,59 Limited dorsiflexion can also compromise the 
stable position of the ankle during closed-chain activities such as landing and gait 
mechanics, which can lead to an increased risk of ankle sprains and a possibility of 
chronic ankle instability.58 
     Knee flexion and valgus angles during jump landing tasks have also been associated 
with injury risk. A study of junior and elite male soccer players looked at the differences 
between dominant and non-dominant knee angles in the frontal plane during a single leg 
jump-landing task.60 There was a statistically significant difference in valgus angles when 
landing on the dominant versus non-dominant leg in both junior and elite players, with 
the dominant leg showing greater knee valgus angles during landing.60 The dominant leg 
displayed more rotation at the hip and increased flexion, adduction, and rotation at the 
knee, which is associated with injuries at this joint.60 Peak knee valgus angle (PKVA) 
was also found to increase by 3 degrees during single leg, forward-to-lateral jump-
landing tasks in male basketball and volleyball players.61 Because knee valgus has been 
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reported as an injury risk indicator for non-contact ACL injuries, this increase in PKVA 
was suggested to indicate a higher risk of injury in these athletes.61,62  
     Measurements at the hip can also be indicative of risk of lower extremity injury, 
particularly at the groin. Decreased internal rotation and total arc of motion at the hip 
were linked to an increased risk of injury or symptoms at the hip and groin region in 
professional soccer players.63 In addition, decreases in internal rotation, the sum of 
internal and external rotation, abduction, and adduction at the hip were also linked to an 
increase risk of ACL injury.56,57 
Testing Procedures 
     There are several techniques that have been found to be reliable and valid tests for 
determining dorsiflexion measurements at the ankle, including the weight bearing lunge 
test and goniometer measurements using passive range of motion.64,65 The weight bearing 
lunge test and modified lunge dorsiflexion range of movement test have been shown to 
have great reliability and validity in both healthy and injured populations.58,66,67 
Goniometer measurements were also found to have good intra- and inter-rater reliability 
when assessing dorsiflexion at the ankle.65 
Training Load, Neuromuscular Profile, and Injury Risk 
     There is an interesting link in recent research starting to develop between the amount 
of training load, baseline neuromuscular profile, and injury risk. A recent study of 
handball players looked at the connection between acute to chronic training load 
increases and injury risk in the upper extremity while taking into consideration certain 
modifiers such as range of motion, scapular control, and strength.14 This research found 
that an increase in load less than 20% was not likely to cause an injury regardless of the 
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results of the athletes’ baseline movement assessments; likewise, an increase in load 
greater than 60% increased the athletes’ risk of shoulder injury regardless of their 
baseline scores.14 However, when the acute to chronic workload ratio increased in a range 
between 20-60%, normal shoulder strength and range of motion seemed to act as a 
protective mechanism against injury, as those with normal shoulder mechanics 
experienced fewer injuries than those who had poorer baseline scores.14 Thus, good 
baseline strength and range of motion may play a part in injury prevention. However, 
since an acute to chronic training load ratio that is too high or too low is always a factor 
in injury risk, it must also be considered in this equation. 
Rationale for Study 
     There is an extensive amount of research about the effects of training load on various 
athletes and correlations with injury risk. However, no study has specifically looked at 
female athletes at the elite level, which would bring a unique perspective to the literature. 
In addition, there is an underlying understanding that spikes in acute to chronic workload 
can cause injury, yet there is no research that looks at whether these spikes in workload 
correlate with definite physical changes in the lower extremities of these athletes or 
whether better baseline lower extremity movement scores act protectively against injury. 
This study will be the first to look at whether spikes in acute to chronic workload ratios 
actually correlate with neuromuscular changes in the lower extremity. If successful, this 
study could assist in determining whether there is a certain acute to chronic workload 










     A cross-sectional study with two groups (elevated vs. control) was used. All 
participants completed an informed consent prior to the start of their fall competitive 
seasons. Participants were brought in after their ACWR reached the critical level during 
the season and tested. A matched control that had not reached the critical level was 
brought in during the same testing period and tested. Each session consisted of a range of 
motion measurement at the hip and ankle and a jump-landing test. The total amount of 
time between completion of range of motion and jump landing test was roughly 30 
minutes.  
Participants 
     We recruited a convenience sample of female athletes on the women’s soccer (n=31) 
and field hockey (n=30) teams between 18 and 25 years of age from a Division 1 
university in North Carolina (n = 61). We excluded: 1) individuals who did not compete 
in fall in-season sports, 2) male teams, 3) individuals who were not able to complete the 
jump-landing portion of the testing due to a lower extremity injury or other condition that 
would alter their jump-landing mechanics. No subject incentives were provided. The 
University’s Institutional Review Board approved all methods and all participants 
provided written informed consent prior to participation. Based on pilot test results, 26 
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subjects per group were needed to achieve a 0.8 power level across all dependent 
variables. 
Procedures 
     Subjects were recruited during the fall preseason screening process. Female 
participants on the women’s soccer and field hockey teams who were able to complete a 
jump-landing test were asked if they wanted to participate in a study looking at the effect 
of training workload on neuromuscular characteristics. Research assistants not affiliated 
with the specified teams attended preseason screenings for these teams and recruited 
participants by describing the study’s purpose and the inclusion and exclusion criteria.  
     RPE and training duration data were collected each day at either practices or games 
for the players. At the end of each training session or competition, one of the team 
athletic trainers collected a rate of perceived exertion (RPE) score from each athlete using 
the BORG scale of perceived exertion. Training duration for each player during practice 
was determined by the time of the training session. If an athlete had to leave practice 
early for an injury or otherwise, the time was deducted from their total practice duration 
time. When no practice or competition occurred on a day, both RPE and duration were 
input as zero. These data were written down and then input into an Excel document to 
calculate the rolling averages.  
     Once participants were four weeks into their training, ACWR was calculated daily 
using an uncoupled, exponentially weighted average for the chronic workload with a 
three-day acute period and a seven-day chronic period. Once a participant’s ACWR 
reached a critical threshold of 1.4 or higher, the individual was contacted and asked to 
report to the lab within three days for testing. A matched control for this individual was 
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also contacted at this point to come in for testing as well. Matched controls were 
participants in the same sport and typically the same position with similar workload 
(similar sport, position, hours of training completed, and age if possible) whose ACWR 
did not exceed 1.4 during the past two weeks.  
     Data were collected in a research laboratory setting by trained graduate research 
assistants. General demographic information such as age, height, and weight were 
initially recorded. Participants also completed a survey prior to completing the ROM and 
jump-landing task. This survey included the participant’s soreness score on a scale of -3 
to +3 (negative indicates more soreness) with the option to choose where on the body the 
athlete was feeling the sorest. Research assistants then took range of motion measures of 
ankle dorsiflexion passively with a goniometer and during the weight bearing lunge test 
and total hip range of motion using inclinometers. Knee valgus and hip and knee flexion 
were assessed using 3D motion capture, a Flock of Birds electromagnetic motion analysis 
system, and force plates. Neuromuscular movements were completed in a 
counterbalanced order within each intervention session during the assessment. 
Measurement of ROM and jump landing took approximately 10 minutes each to 
complete. The testing was completed in about 30 minutes. 
Measures 
Acute to Chronic Workload Ratio  
     Starting on the first day of preseason for each team, the duration of the event and 
Borg’s rate of perceived exertion of the athletes on a scale of 1 to 10 (10 equals maximal 
effort) was collected immediately following the completion of each practice or 
competition.68 The session RPE (sRPE) was calculated by multiplying the RPE of each 
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player by the duration of the practice or competition that day. If no practice or 
competition occurred on a day, zeros were input for all RPE and duration values. After 
the first 28 days, a 3:7 uncoupled ACWR was calculated for each individual by averaging 
the sRPEs of the previous three days as the acute period and dividing this value by an 
average of the sRPEs of the seven days preceding the acute period. These values were 
calculated daily and monitored throughout the remainder of the regular season. When an 
athlete was found to have an ACWR that reached 1.4 or higher, they were contacted and 
asked to report to the lab for testing within three days of the initial contact. A matched 
control was also brought in within the same time frame and tested as well.  
Range of motion 
     Ankle dorsiflexion (DF) range of motion was measured in two different techniques: 1) 
supine, non-weight-bearing (NWB) ankle DF with knee extended using a goniometer and 
2) with the weight-bearing lunge (WBL) test. For the NWB measurement, a 19-inch, 
standard plastic goniometer was used. Both dominant and non-dominant legs were 
assessed, with dominant leg identified as the leg with which the subject would prefer to 
kick a soccer ball. The subject was positioned supine with knees extended and ankles and 
feet extended off the table. The stationary arm was aligned with the fibular head and the 
moving arm was placed at 0 degrees in alignment with the calcaneus, with the axis of 
rotation just inferior to the lateral malleolus. The calcaneus was placed in neutral – 
identified by alignment with the 0-degree mark on the goniometer – and then the ankle 
was passively dorsiflexed by the investigator until the first point of resistance and the 
angle of the ankle was assessed. Based on previous research, the reliability for ankle 
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dorsiflexion with knee flexion has an intraclass correlational coefficient (ICC) value of 
0.904 and a standard error of measurement (SEM) value of 2.5.69  
     To assess the DF of the ankle using the WBL test, the subject faced a wall with the 
great toe of the dominant leg touching the wall and the foot parallel to a tape measure 
fixed to the floor. The non-dominant foot was stationed at a comfortable distance behind 
the dominant foot. The participant then performed a lunge where the knee was flexed 
until the anterior region of the knee contacts the wall while the calcaneus remains in 
contact with the floor. Participants moved their foot back 1 cm at a time until they 
reached maximum lunge distance, determined as the furthest distance the subject could 
complete without their heel lifting off the ground or their anterior knee failing to make 
contact with the wall. The WBL distance was determined by measuring the distance 
between the tip of the great toe and the wall to the nearest 0.1 cm. The process was then 
repeated for the non-dominant leg. Maximum DF ROM was taken three times for each 
leg and an average of the three measurements was used for the final analysis. The WBL 
test has been found to have strong intra- and inter-rater reliability.58,70,71  
     Hip total arc of motion was taken using a digital inclinometer. Subjects were 
positioned prone with the hip in 0 degrees of extension and 20 degrees of abduction to 
minimize muscle restrictions; the knee was placed at 90 degrees of flexion. The hip was 
then internally and externally rotated, and each measurement was recorded. The internal 
and external ROM calculations were summed to get total hip arc of motion. Three 
measurements of ROM were taken for each hip and the average of each leg was taken for 
the final analysis.72 Based on previous research, the intra-rater reliability for hip external 
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rotator PROM has an ICC value of 0.894 and an SEM value of 4.5 and reliability for hip 
internal rotator PROM has an ICC value of 0.644 with an SEM value of 7.5.69 
     To assess the interrater reliability of ROM testing, a sample of convenience of 5 
subjects was used unrelated to the sample pool for data collection. Intra-rater reliability 
was assessed as a singular rater (Rater 1) took ROM on all subjects on two separate 
occasions, with at least one week separating the two sessions. To establish interrater 
reliability, a second rater (Rater 2), blinded to the ROM values of Rater 1, graded the 
same group as Rater 1. The two reliability scores were assessed using ICC and SEM 
values. For ankle DF measurements the pilot testing yielded an ICC2,k value of 0.929 and 
SEM of 2.21. For hip ER measurements the pilot testing yielded an ICC2,k value of 0.508 
and SEM of 6.20. For hip IR measurements the pilot testing yielded an ICC2,k value of 
0.064 and SEM of 5.24. 
Biomechanics of Knee Motion 
     Three-dimensional motion analysis data were collected during a jump-landing task. 
All data was captured via The Motion Monitor® data acquisition software (Innovative 
Sports Training, Inc., Chicago, IL). Kinematic data was recorded using an 
electromagnetic motion capture system (Motion Star, Ascension Technologies Inc., 
Burlington, VT) sampled at 140 Hz during the double leg jump-landing task. Two floor 
embedded force plates (Bertec 4060, Columbus, OH) were used as a time marker of 
initial ground contact and push-off to determine the length of the stance phase.  
Electromagnetic sensors were placed on the subject with double sided tape and secured 
using pre-wrap and athletic tape at the sacrum, the lateral aspect of the right and left 
thigh, the anteromedial aspect of the right and left tibia, and between the second and third 
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metatarsal heads of the right and left feet. Participants stood in a neutral position while 
additional landmarks were digitized bilaterally using a 0.165 m stylus, including 1) lateral 
malleolus, 2) medial malleolus, 3) lateral femoral condyle, 4) medial femoral condyle, 5) 
T12/L1 vertebrae, 6) ASIS, and 7) distal phalanx of the second phalange of the foot. The 
sacrum was identified upon palpation. The lateral aspect of the thigh was identified as the 
midpoint between the greater tubercle of the femur and the lateral joint line, the 
anteromedial tibia was identified as the midpoint between the medial malleolus and pes 
anserine, and the dorsal foot sensor was placed at the midpoint between the bases of 
second and third metatarsals. 
     The participants were asked to jump a distance 50% of their height from a 30-cm high 
box to a force platform and immediately rebound to attain a maximal vertical jump, thus 
incorporating vertical and horizontal movement components during the task. They started 
on the box, feet were facing straight forward and shoulder-width apart; toes were lined up 
with the edge of the box. When instructing participants about the task, stress was placed 
on subjects jumping as high as possible once they landed on the force plates. They were 
not provided feedback about how to land unless the task was executed incorrectly. After 
instruction, the subjects were allowed as many practice trials as needed to feel 
comfortable performing the task correctly (usually two). Jumps were considered 
“successful” when the participant: 1) jumped off the box with both feet, 2) jumped 
horizontally, not vertically, to reach the force plate, 3) landed with the whole foot of the 
dominant foot on an individual force plate, 4) landed with the whole foot of the non-
dominant foot on the adjoining individual force plate, 5) jumped straight up and landed 
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on the force plates again after the vertical jump, and 6) accomplished the task in a smooth 
motion. 73 Subjects completed five successful trials, with 10-20 seconds of rest between. 
     Five healthy subjects unrelated to the sample selected for data collection completed 
the jump-landing task for a pilot study. The mean and standard deviation between the 
subjects for peak knee valgus was -12.80 +/- 11.47, with a more negative value indicating 
a greater knee valgus. The ICC2,k value was 0.91 with an SEM value of 3.44. The mean 
detectable difference was 8.02, allowing for a moderate effect size of 0.7.  
Data Reduction 
     Kinetic data was sampled at 1400 Hz and the kinematic data was time synchronized 
with the ground reaction force data and re-sampled at 1400 Hz via linear interpolation. 
Three-dimensional coordinates of lower extremity bony landmarks were estimated using 
Motion Monitor Software (Innovative Sports Training, Chicago, IL). An embedded right-
handed Cartesian coordinate system was defined for the shank, thigh, and pelvis 
segments to describe the three-dimensional position and orientation of these segments.  
Euler angles were used to calculate the knee joint angle between the shank and thigh in 
an order of rotations of (1) flexion-extension about the y-axis (2) valgus-varus knee or 
adduction-abduction hip about the x-axis (3) internal-external rotation about the z-axis.  
     Kinematic and kinetic data were reduced using custom Matlab software (Mathworks, 
Natick, MA, version 13.0).  The stance phase was defined as the time period between 
initial ground contact with the force plate until takeoff for the rebound jump.  Initial 
ground contact was the time when vertical ground reaction force exceeded 10 N as the 
subject landed on the force plate. Takeoff was identified as the time when vertical ground 
reaction force dropped below 10 N following initial contact.  Knee flexion and knee 
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valgus and displacement were calculated during the stance phase. Displacement values 
were calculated by subtracting the peak joint angle during the stance phase from the 
initial contact joint angle. The average values across 3-trials were calculated for each of 
the dependent variables.74  
     All dependent variables were averaged across three trials for all range of motion and 
jump-landing biomechanics variables. Dependent variables were ankle dorsiflexion ROM 
(both NWB and WBL test), hip total rotation ROM, and knee flexion and valgus angles 
(initial contact and displacement) during the jump-landing task. All data are reported 
from the subject’s right leg.  
Statistical Analysis 
     Of the 46 participants initially enrolled in the study, we were able to include 42 
participants data in the statistical analyses. For an overview of the subject enrollment and 
retention process, see Figure 1. Separate independent t-tests were performed to compare 
each of the dependent variables between the “elevated” and “control” groups (a < .05). 
Descriptive statistics (mean ± SD), 95% confidence intervals, and effect sizes (Cohen’s 
d) were also determined for all dependent variables. Statistical analyses were performed 
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     A total of 46 subjects were tested in this study, with an average of 44.14 days from the 
start of the preseason until they were tested for an ACWR spike. There were no 
significant differences found among age, height, or weight of the participants and p >0.05 
for all soreness levels of the athletes on the day they were tested (see Table 1). There 
were no significant differences in the number of days to from the start of the season to the 
testing date between groups.  
     We compared the jump landing biomechanics of the dominant limb from the athletes 
who experienced an elevated ACWR to the control group. Knee valgus displacement of 
the dominant limb was significantly greater with a moderate effect size in the elevated 
group compared to the control group. No other statistically significant differences were 
noted among the biomechanical data (see Table 2).  
     Range of motion measurements for hip internal rotation and external rotation and 
ankle dorsiflexion (supine and WBLT) were compared between the elevated and control 
groups. No statistically significant differences were found at the hip or the ankle (see 







Table 1. Average participant demographics for biomechanical and range of motion 
testing 
 
 Control (n = 14) Elevated (n = 28) 
Mean SD Mean SD 
Age (yrs) 20.00 1.617 19.93 1.489 
Height (cm) 166.76 5.432 167.09 5.561 
Weight (kg) 65.28 5.91 63.30 5.71 
Soreness 0.77 1.48 0.13 1.45 














Table 2. Average biomechanical data for participant jump landing testing 
 
 Control Elevated    
Variable  Mean SD Mean SD t p Cohen’s 
d 
Knee Flexion at IC 
(deg) 
17.09 7.13 18.94 8.67 -0.692 0.493 0.16 
Knee Flexion 
Displacement (deg) 
58.37 11.74 58.07 13.89 0.070 0.945 0.016 
Knee Valgus at IC 
(deg) 
1.17 6.51 -1.27 6.04 1.204 0.236 0.274 
Knee Valgus 
Displacement (deg) * 
-6.80 3.76 -10.46 5.81 2.13 0.039 0.529 
Peak VGRF (xBW) 2.57 0.61 2.56 0.62 0.16 0.987 .011 
Time to Peak VGRF 
(sec) 
0.036 0.003 0.039 0.025 -0.41 0.680 .119 
 







Table 3. Average lower extremity range of motion in degrees for all participants 
 
 Control Elevated      
Variable Mean SD Mean SD t p Cohen’s d 
Hip Internal Rotation 35.17 8.28 38.86 9.50 -1.32 0.22 0.29 
Hip External Rotation 33.48 6.50 38.08 7.95 -1.87 0.06 0.44 
Ankle Dorsiflexion 6.58 3.78 5.41 4.96 0.77 0.44 0.18 









     Our most important finding was that female athletes who experienced an elevated 
ACWR > 1.4 demonstrated significantly greater knee valgus displacement during landing 
compared to those who maintained an ACWR near 1.0. However, there were no 
significant differences in knee flexion kinematics (IC and displacement), peak VGRF 
magnitude and timing, or ankle dorsiflexion and hip rotation ROM values. To our 
knowledge, this is the first research to investigate the effects of elevated ACWR on 
neuromuscular characteristics, such as jump landing biomechanics and joint ROM. As 
such, we cannot directly compare our findings to prior research, but these findings may 
provide novel insights into the reported relationship between injury risk and an elevated 
ACWR.  
     There is a growing body of research that has demonstrated an increased risk of injury 
to occur in athletes following periods of undergoing an elevated ACWR. 11,14,21,32,34 
However, it is not clear why one’s risk of injury would be greater following an elevated 
ACWR. An elevated ACWR is described as a metric to represent an athlete’s fatigue-
fitness relationship. Specifically, athletes experiencing an elevated ACWR are 
hypothesized as being susceptible to fatigue as their acute training load (fatigue) will 
have exceeded their chronic training load (fitness).32  
 
 33 
     While several studies have reported on the relationship between elevated ACWR and 
injury, research has not explored the factors that may mediate this relationship. Our 
research aimed to explore the role of lower extremity biomechanics and ROM as possible 
variables that may act as a mediator for the relationship between an elevated ACWR and 
injury risk. Our hypothesis was that athletes may experience fatigue after an elevated 
ACWR, which may result in altered lower extremity biomechanics and ROM that 
increase or alter tissue loading, thus leading to a greater risk of injury.  
     We observed knee valgus displacement to be significantly greater in those with an 
elevated ACWR compared to control subjects. Overall, knee valgus displacement was 5-
6 degrees greater in those with elevated ACWR compared to control athletes. This 
corresponded to a moderate effect (d = 0.56). Knee valgus has been previously described 
as a risk factor for a variety of injuries including ACL sprain, MCL sprain, patellofemoral 
pain, knee osteoarthritis, and cartilage and meniscus damage.20,54,59–62,74,75 Thus, it is 
possible that increased knee valgus displacement may be a mediating factor between an 
elevated ACWR and injury risk. 
     Interestingly, no other lower extremity biomechanics (knee flexion angles or VGRF 
values) were different in those with elevated ACWR. In addition, the effect sizes for all 
of these variables ranged from .01 to .27, which would be considered small. ROM values 
for ankle dorsiflexion and hip rotation were also not different in those with altered 
ACWR and associated with small effect sizes. Thus, the vast majority of potential 
biomechanical and ROM mediators of relationship between ACWR and injury were not 
different in those with elevated ACWR. Overall, our hypotheses were only partially 
supported in that knee valgus displacement was increased in those with an elevated 
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ACWR; however, no such differences were noted for knee flexion kinematics, peak 
VGRF magnitude and timing, and ankle dorsiflexion and hip rotation ROM values.  
     These limited findings make it difficult to take a definitive stance on the effects of an 
elevated ACWR on injury risk.  Considering an increase in knee valgus displacement is a 
risk factor for a variety of injuries, the moderate difference in knee valgus displacement 
we found does support previous research findings that “spikes” in ACWR can produce a 
greater risk of injury.20,54,59–62,74,75 However, the limited effects of an elevated ACWR on 
all other biomechanical factors and ROM measurements indicates that while elevated 
ACWR may play a role in increasing risk of injury, it is likely not the sole factor in the 
equation leading to these injuries.  
     No prior research has examined differences in lower extremity biomechanics or ROM 
in those with elevated ACWR, so we cannot directly compare our findings to prior 
research. Perhaps the most similar research are those studies investigating the effects of 
fatigue on lower extremity biomechanics and ROM variables, although these effects vary 
across the literature. Several literature reviews have indicated that overall, fatigue has 
been found to have no significant effect on the kinetic and kinematic variables studied 
based on the fatigue protocols implemented in the studies reviewed.15,76 Although some 
individual studies have reported both increased and decreased knee and hip flexion 
moments, current literature reviews and meta-analyses indicate that there is no conclusive 
evidence suggesting a significant change in either direction following a fatigue 
protocol.15,41,43,76 Other studies examining the effects of fatigue on ROM reported various 
findings, with some indicating no changes in ROM in the frontal or sagittal plane while 
others reported statistically significant increases in valgus collapse.26,77 Based on these 
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diverse results, fatigue should not be considered the only variable associated with 
increased injury risk during athletic events.  
     One of the major implications of our findings indicates the need to monitor for 
increases in knee valgus displacement following periods of elevated ACWR, as these 
acute elevations in workload can increase fatigue. This fatigue, in turn, can function as a 
mediator between ACWR and injury and potentially increase the injury risk of an 
individual.76   
     We did have several limitations to this study. We used an ACWR of 3 days acute to 7 
days chronic, which to our knowledge has not been used in studies thus far when looking 
at ACWR. Typically, studies have used a 7:21 or 7:28 day ratio when researching these 
spikes, so this does limit the ability to compare our results to other studies. However, we 
did a secondary analysis after the study concluded comparing the 3:7 ACWRs to what the 
participants’ 7:21 day ACWRs on that same day. It is interesting to note that while only 9 
of the participants with an elevated 3:7 ACWR had a corresponding elevated 7:21 
ACWR, re-running our statistical analyses comparing those nine individuals to the 
control group found no significant differences other than increased hip external rotation 
on the right side in those with an elevated ACWR.  
     Despite this 3:7 ACWR being a limitation of our study, we ultimately chose to use a 
3:7 ratio for several reasons. Since we had no good measurement of their chronic load 
from the summertime when they were training on their own, we did not start tracking 
ACWR until the athletes had been participating in sports for 28 days. The majority of 
these 28 days occurred during preseason, where the highest loading for these athletes 
occurred. Thus, they had already established a high load base prior to our study looking 
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at their ACWR. What we wanted to look at with the 3:7 ACWR was whether there were 
any acute changes in biomechanics or ROM on a week-to-week basis after a high chronic 
load was established. Due to the game schedule for both of these teams, the majority of 
these spikes in ACWR occurred after the athletes had participated in at least one, if not 
two, matches in a short 3-day window. We felt we were better able to capture elevated 
training loads due to competitions with a 3:7 ACWR rather than using the more 
traditional 7:21 or 7:28 day ACWR. 
     In addition, our study population only included Division 1 female athletes in soccer 
and field hockey, which limits our ability to generalize to greater populations. Prior 
ACWR research has been focused only on male populations. The differences in male and 
female biological factors as well as differences in training focuses between sports could 
explain why our study did not see more differences in the lower extremity biomechanics 
and ROM values.13,39  
     Further studies need to focus on other populations outside of collegiate female athletes 
to better understand how high training load affects individuals. This research should 
include a deeper look into ACWR and injury relationships in female athletes to 
supplement the research that has already been done on the male population. Studies 
should also look into knee valgus displacement with fatigue protocols to determine if and 
how fatigue can increase this displacement and lead to further injury. Finally, future 
research should also compare these changes in a 3:7 day monitoring to a 7:28 day 
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